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a b s t r a c t
Germ cell sex is deﬁned by factors derived from somatic cells. CYP26B1 is known to be a male sex-
promoting factor that inactivates retinoic acid (RA) in somatic cells. In CYP26B1-null XY gonads, germ cells
are exposed to a higher level of RA than in normal XY gonads and this activates Stra8 to induce meiosis
while male-speciﬁc gene expression is suppressed. However, it is unknown whether meiotic entry by an
elevated level of RA is responsible for the suppression of male-type gene expression. To address this
question, we have generated Cyp26b1/Stra8 double knockout (dKO) embryos. We successfully suppressed
the induction of meiosis in CYP26B1-null XY germ cells by removing the Stra8 gene. Concomitantly, we
found that the male genetic program represented by the expression of NANOS2 and DNMT3L was totally
rescued in about half of dKO germ cells, indicating that meiotic entry causes the suppression of male
differentiation. However, half of the germ cells still failed to enter the appropriate male pathway in the dKO
condition. Using microarray analyses together with immunohistochemistry, we found that KIT expression
was accompanied by mitotic activation, but was canceled by inhibition of the RA signaling pathway. Taken
together, we conclude that inhibition of RA is one of the essential factors to promote male germ cell
differentiation, and that CYP26B1 suppresses two distinct genetic programs induced by RA: a Stra8-
dependent meiotic pathway, and a Stra8-independent mitotic pathway.
& 2014 Elsevier Inc. All rights reserved.
Introduction
To differentiate into eggs or spermatozoa is a critical choice of
pathways for germ cells. Primordial germ cells (PGCs) generated in
the early mouse embryo have the ability to become both sperma-
tozoa and eggs. After migrating to and colonizing the genital ridge,
germ cells start sexual differentiation upon responding to signals
supplied by the somatic cells surrounding them (Bowles et al.,
2010; Ottolenghi et al., 2007).
Retinoic acid (RA) signaling is implicated in the sex determina-
tion of mouse germ cells. In the embryonic XX gonad, RA supplied
by the mesonephros activates the RA-responsive gene Stra8 in
germ cells (Bowles et al., 2006; Koubova et al., 2006). This
instructs them to progress to meiotic prophase I. The important
function of the STRA8 protein in the meiotic initiation of XX germ
cells is proven by analysis of the Stra8 knockout (KO) mouse, in
which germ cells fail to undergo premeiotic DNA replication
(Baltus et al., 2006). On the other hand, Stra8 expression in germ
cells is greatly suppressed in the XY gonad even though RA is
similarly supplied from the mesonephros, because cytochrome
P450 26B1 (CYP26B1), an enzyme that inactivates RA, is expressed
in Sertoli cells (Bowles et al., 2006; Maclean et al., 2007). In this
condition, XY germ cells express Nanos2, which promotes the
male-type genetic program (Suzuki and Saga, 2008; Tsuda et al.,
2003). Downstream of the action of NANOS2, paternal genomic
imprinting is executed by the function of DNMT3L during late
embryogenesis (Bourc'his et al., 2001; Suzuki and Saga, 2008).
Cyp26b1 works downstream of SRY, which initiates masculini-
zation in the embryonic gonads by upregulating male-speciﬁc
genes such as Sox9 and Fgf9 in somatic cells (McClelland et al.,
2012). In the absence of Cyp26b1, XY germ cells start to express
Stra8 probably in response to the elevated level of RA (Bowles
et al., 2006; Maclean et al., 2007) and enter the meiotic pathway in
a manner similar to XX germ cells in female gonads, indicating
that such XY germ cells might have changed their sex to being
female. Alternatively, it is possible that XY germ cells initiate
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meiosis prematurely while retaining their maleness. This is
because of the expression of ﬁbroblast growth factor (FGF) 9,
which is reported to have an antagonistic effect on the induction
of meiosis, as its downstream Sox9 expression is unaffected even
in the CYP26B1-null condition (Bowles et al., 2010). Thus, it is
proposed that FGF9 promotes male genetic program by making XY
germ cells less responsive to RA, suggesting that RA signaling in
CYP26B1-null gonads might compete with FGF9 signaling. How-
ever, there is no direct evidence indicating that the male genetic
program is maintained in such gonads.
It has also been shown that the administration of RA to mouse
embryonic day (E) E11.5–E13.5 XY gonads prevents germ cells
from entering mitotic arrest, and this is accompanied by upregula-
tion of Stra8 leading to the induction of meiosis. In an organ
culture system, RA effectively induced meiosis when it was added
at E11.5 but not E13.5 (Bowles et al., 2006; Koubova et al., 2006;
Trautmann et al., 2008). Moreover, the conditional KO of Cyp26b1
in Sertoli cells after the entry of germ cells to mitotic arrest
resulted in the promotion of XY germ cells to exit from the G0
phase, re-enter the mitotic cell cycle and initiate meiosis
(Trautmann et al., 2008). These results indicate that a high level
of RA can induce mitosis and also meiosis. However, it is unknown
how RA signal promotes, mitosis or meiosis.
Here we investigated germ cell properties under a high RA
condition by simultaneous disruption of Stra8 and Cyp26b1. We
addressed the following two questions: (1) whether the initiation
of meiosis via Stra8 expression is responsible for suppression of
the male pathway; and (2) whether higher RA itself affects the
intrinsic male-type gene program via a Stra8-independent path-
way. From analyses of Cyp26b1/Stra8 double knockout (dKO) mice,
we clariﬁed the dual roles of RA on male germ cell differentiation
through Stra8-dependent meiotic and Stra8-independent mitotic
pathways.
Materials and methods
Mice
The Stra8-targeted mouse line was established in our labora-
tory as described (Saba et al., 2014). The Cyp26b1-targeted mouse
line (Yashiro et al., 2004) was provided by H. Hamada (Osaka
University). Nanos2-targeted, CAG-ﬂoxed-CAT-3xFlag-Nanos2 and
Pou5f1/Oct4-CreERT2 transgenic mouse lines are established in
our laboratory (Tsuda et al., 2003; Suzuki and Saga, 2008; Wu
et al., 2013). Rosa-CreERT2 mice were purchased from Artemis
Pharmaceuticals GmbH (Cologne, Germany). These mice are main-
tained in the genetic background of ICR or MCH (a closed ICR
colony established at CLEA Japan Inc., Tokyo, Japan). All mouse
experiments were carried out with the permission of the Animal
Experimentation Committee at the National Institute of Genetics.
Transcript analysis by microarray
Total RNA was prepared from embryonic gonads from E12.5 to
E14.5 using an RNeasy mini kit (Qiagen, Hilden, Germany). For a
single hybridization assay, 200 ng of total RNA was labeled with
Cy3 and hybridized to a Whole Mouse Genome Oligo Microarray
(G4122F, Agilent Technologies, Santa Clara, CA, USA) in accordance
with the manufacturer's protocol for the Low RNA Input Linear
Ampliﬁcation Kit and One color (Agilent Technologies) and Gene
Expression Hybridization Kit (Agilent Technologies). Arrays were
scanned using a Microarray Scanner System (G2565BA, Agilent
Technologies) and the generated images were processed with
Feature Extraction, version 9.1 (Agilent Technologies) software to
generate signal values and evaluate the presence or absence of
calls for each probe set. Two independent datasets were obtained
for each collation. Processed data were analyzed with Genespring
GX software, version 7.3.1 (Agilent Technologies). The following
normalization steps were applied to each dataset: measurements
of o5 set to 5 for data transformation, per chip normalization to
the 50th percentile and per gene normalization to the median.
Microarray data reported in this study were registered in the Gene
Expression Omnibus (GEO) database (GSE38317; http://www.ncbi.
nlm.nih.gov/geo/).
Transcript analysis by quantitative PCR
cDNAs were synthesized from the total RNA of E12.5–E14.5
mouse fetal gonads using Superscript III (Invitrogen, Carlsbad, CA,
USA) and oligo dT18 primers; qPCR analysis was then performed
using a KAPA SYBR FAST qPCR Kit (Kapa Biosystems Inc., Woburn,
MA, USA) and Thermal Cycler Dice (TaKaRa Bio Inc., Shiga, Japan).
The primer sets are listed in the Supplementary material, Table S1.
Organ culture of embryonic mouse gonads
Embryonic male gonads at E12.5 were dissected in ice-cold
phosphate buffered saline (PBS) and cultured as described
(Hiramatsu et al., 2003). Gonads were placed onto an ISOPORE
membrane ﬁlter (pore size 5.0 μm; Millipore, Bedford, MA, USA),
ﬂoated on Dulbecco's Modiﬁed Eagle's Medium (Sigma-Aldrich,
St. Louis, MO, USA) containing 10% horse serum, penicillin/strep-
tomycin with or without 2 μM RA (Sigma-Aldrich) or 5 μM
AGN193109 (RAR antagonist, Santa Cruz Biotechnology, Dallas,
TX, USA) under 5% CO2 at 37 1C for 48–72 h.
Immunohistochemistry
Mouse embryonic XY gonads were dissected in ice-cold PBS,
ﬁxed with 4% paraformaldehyde in PBS at 4 1C for 2 h. 5-Bromo-20-
deoxyuridine (BrdU) was administered to pregnant mice at
100 mg/g body weight 2 h before dissection. Fixed embryos were
embedded in OCT compound (Sakura Finetek Japan, Tokyo, Japan),
frozen and sectioned at 8 mm using a cryostat. Frozen sections
were incubated with the following primary and secondary anti-
bodies: rat anti-TRA98 (a gift from Y. Nishimune, Osaka Univer-
sity); rabbit anti-DNMT3L (a gift from S. Yamanaka, Kyoto
University), rabbit anti-SYCP3 (a gift from S. Chuma, Kyoto
University); Armenian hamster anti-KIT (gift of T. Hirata, National
Institute of Genetics); rabbit anti-H2AFX/γH2A.X (Abcam, Cam-
bridge, MA, USA); rabbit anti-KI67 (Neomarkers, Thermo Scientiﬁc,
Waltham, MA, USA); rabbit anti-NANOS2 (Suzuki et al., 2007);
rabbit anti-PLZF (Santa Cruz Biotechnology, Dallas, TX, USA);
mouse anti-BrdU (3D4, BD, Franklin Lakes, NJ, USA); mouse anti-
FLAG (M2, Sigma-Aldrich); donkey anti-rat, rabbit and mouse IgG
conjugated with Alexa Fluor 594 (Invitrogen); donkey anti-goat,
rabbit and mouse IgG conjugated with Alexa Fluor 488 (Invitro-
gen); goat anti-rat IgG conjugated with Alexa Fluor 633 (Invitro-
gen). DNA counterstaining was done using Hoechst 33342
(Calbiochem, San Diego, CA, USA).
Result
Stra8 is responsible for the initiation of meiosis in CYP26B1-null XY
gonads
As a factor other than RA might be responsible for the
induction of Stra8 in XY germ cells in CYP26B1-null embryos
(Kumar et al., 2011), we ﬁrst tested this possibility by treating
such gonads with a retinoic acid receptor (RAR) antagonist
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(AGN193109). As shown in Fig. 1A, Stra8 expression was comple-
tely suppressed by this treatment and expression of the male
marker gene Nanos2 resumed or was even upregulated. This
demonstrated that Stra8 induction and the subsequent suppres-
sion of male program in Cyp26b1 KO germ cells was caused by RA
signaling. We then tested whether Stra8 was responsible for the
induction of meiosis and the suppression of male differentiation
by analyzing Cyp26b1/Stra8 dKO male gonads. In the Cyp26b1 /
/Stra8þ / male gonads, two meiotic markers, SYCP3 and γH2AX
(Yuan et al., 2000; Fernandez-Capetillo et al., 2003, respectively)
were upregulated in germ cells (Fig. 1C and F) at E15.5, but were
never observed in the control (Fig. 1B and E). These signals were
observed continuously from E14.5 to at least E16.5 (Fig. S1). On the
other hand, both signals for meiotic markers were almost com-
pletely suppressed in the TRA98-positive Cyp26b1/Stra8 dKO germ
cells (Fig. 1D and G). There results clearly indicate that the
induction of meiosis in the CYP26B1-null condition depends on
the function of STRA8.
Rescue of the male genetic program by suppressing meiosis
in the absence of Cyp26b1
Clearly, the induction of meiosis in CYP26B1-null gonads is
caused by the effect of Stra8 induced by RA. However, it is unclear
whether the suppression of male program arises from the Stra8-
dependent induction of meiosis or other effects of the RA signaling
pathway. To distinguish these possibilities, we examined whether
the male-speciﬁc genetic program was rescued when meiosis was
suppressed. We used NANOS2 as a marker for male germ cells.
Expression of this protein is induced after E13.5 and is required for
promotion of the male program (Suzuki and Saga, 2008; Tsuda
et al., 2003). The expression of NANOS2 was completely sup-
pressed in germ cells at a high RA level (Fig. 2B) as shown before
(Bowles et al., 2010). In the control Cyp26b1þ //Stra8þ / gonads,
NANOS2 expression was observed in 100% of TRA98-positive germ
cells at E14.5 and the strong expression was retained up to E18.5
(Fig. 2A, G and S2A). In contrast, NANOS2 expression was never
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observed in any germ cells in Cyp26b1 //Stra8þ / gonads (Fig.
S2B). Intriguingly, NANOS2 expression commenced in some germ
cells of the Cyp26b1//Stra8 / gonads at E14.5 (Fig. S2C). This
population increased up to about 50% at E15.5 (Fig. 2C and G) and
the expression was retained up to E18.5 (Fig. S2E). In addition,
DNMT3L (Bourc'his et al., 2001), the other male marker known to
be downstream of NANOS2 was also upregulated from E15.5 and
reached up to 50% of germ cells as, similar to those of the NANOS2-
expressing cells (Fig. 2D–F, H and S2F–J). Thus, male gene expres-
sion is induced even in the presence of high level of RA once
meiosis is suppressed. However, the induction rate was lower (50%
versus 100% of normal male germ cells) and the induction occurs
later than the normal program. These results lead us to make two
conclusions: (1) NANOS2 can be activated even in the CYP26B1-
null gonads and (2) RA signaling suppresses the male germ cell
program via a Stra8-independent mechanism.
Gene expression studies indicated that mitotic activity was activated
in the dKO germ cells
To understand the mechanisms underlying the partial rescue
of male gene expression in Cyp26b1/Stra8 dKO condition, we
examined gene expression changes induced by the Cyp26b1 KO
condition and by the additional deletion of Stra8, using compara-
tive microarray analyses. In the Cyp26b1/ male gonad, altera-
tions in the transcriptome were estimated to be 2.24% of total
“present” probe sets at E12.5 and reached 15.04% at E14.5 (Table
S2). These alterations were observed in both somatic and germ
cells. However, the expression of genes involved in male gonadal
sex differentiation, such as Fgf9 and Sox9, were not suppressed in
the Cyp26b1 / male gonads (Fig. S3A–C). We also conﬁrmed that
the Cyp26b1/ embryos were alive until E18.5 in the MCH
genetic background with no apparent abnormalities in male
gonadal development (data not shown) as reported (Maclean
et al., 2007). These suggested that somatic sex determination
was not severely altered by the depletion of Cyp26b1.
In contrast, we found that many germ cell-speciﬁc genes were
affected in both Cyp26b1 / and Cyp26b1 //Stra8/ embryos
(Fig. S4 and Gene lists 1–4). Upregulated meiotic genes (except for
Rec8) in Cyp26b1 / gonads were completely returned to the
control level in dKO at E14.5 (Gene lists 1 and 3). Notably, mitotic
regulators such as Spdya (Fig. S5B), 18 Cyclin and 13 Cdk probes
(data not shown) were also included in the upregulated genes and
most of these were also rescued by the depletion of Stra8 from the
Cyp26b1/ gonads. However, the upregulation of Ccnd1/CyclinD1
(Western et al., 2008), Ccno/CyclinO (Roig et al., 2009) and Cdk6
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(Kohoutek et al., 2004) was retained in the dKO (Fig. S5B). In addition,
the expression levels of Cdkn2b, Cdkn1a, Cdkn1b (Western et al., 2008)
and Cdkn2aip (Cheung et al., 2011) were not recovered in the dKO XY
male gonads (Fig. S5C). These data implied that cell cycle progression
and the failure of mitotic arrest were induced in Cyp26b1/ gonads
and those were not rescued by Stra8 depletion. Downregulated genes
were partly returned to the control level in E14.5 dKO (Gene lists
2 and 4) as expected by partial rescue of NANOS2 and DNMT3L
(Fig. 2G and H). Accordingly, the expression level of Nodal, which is
involved in Nanos2 induction (Wu et al., 2013), was lower than the
control in both Cyp26b1 / and Cyp26b1 //Stra8/ embryos at
E13.5 and E14.5 (Fig. S6A). Furthermore, Ngn3 (Yoshida et al., 2004)
and Plzf (Buaas et al., 2004; Costoya et al., 2004), markers of the
spermatogonia in the postnatal testis, were abnormally induced from
E14.5 in the dKO gonad (Fig. S6B–E). These gene expression data
supported our immunohistological data indicating that male genetic
program is active even in the high RA condition. However, Stra8
depletion in addition to Cyp26b1 neither suppressed mitotic gene
expression nor fully rescued male genetic program.
Parts of germ cells retained their mitotic activity
in Cyp26b1/Stra8-null male gonads
Mitotic arrest is one of initial features of sexual differentiation
in XY male germ cells and microarray analyses using mutant
gonads indicated upregulation of mitotic activity in dKO germ
cells. Therefore, we further examined mitotic activity by assessing
the incorporation of 5-bromo-20-deoxyuridine (BrdU) into newly
synthesized DNA (Fig. 3A–C) or reactivity with an anti-KI67 anti-
body (Fig. 3D–F), which marks cells in all phases of the cell cycle
except for G0. At E15.5, no germ cells showed BrdU incorporation
or KI67 signals in the control gonads (Cyp26b1þ //Stra8þ /)
(Fig. 3A and D). However, BrdU incorporation was clearly observed
in Cyp26b1//Stra8þ / gonads, and it was not repressed even in
the Cyp26b1 //Stra8 / gonads (Fig. 3B and C). Meiotic cells are
also positive for KI67 (Traut et al., 2002), thus 53.0879.46% of
TRA98-positive germ cells were KI67-positive in the Cyp26b1 /
male gonads at E15.5 (Fig. 3E and I). In the Cyp26b1 //Stra8 /
male gonads, in which the progression of meiosis was completely
suppressed, however, 41.6773.68% of TRA98-positive cells
showed KI67 expression at E15.5, indicating that germ cells were
still in mitosis at E15.5 (Fig. 3F and I). This continuation of mitosis
was observed from E14.5, when most of the germ cells were KI67-
negative in the control gonad (Fig. S7A). We expected that these
mitotic germ cells might exit the cell cycle at a the later stage;
however, the ratio of KI67-positive germ cells were retained at
37.9377.34% at E18.5 (Fig. 3G–I), indicating that some proportion
of Cyp26b1 //Stra8 / germ cells never undergo cell cycle arrest.
These results indicate that RA induces some pathways to prevent
mitotic arrest in Cyp26b1 / gonads and that this pathway is
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independent of Stra8, because Stra8 deletion could not completely
rescue mitotic arrest in male germ cells.
KIT expression was retained in germ cells of the Cyp26b1 / male
gonad
Previous studies indicated that RA prevented mitotic arrest of
fetal male germ cells via activating phosphoinositide 3-kinase (PI3K)
(Trautmann et al., 2008). In the differentiating spermatogonia, RA
also stimulated their proliferation via KIT–PI3K–AKT pathway
(Pellegrini et al., 2008). In the embryonic gonad, PGCs retain mitotic
activity, which is accompanied by the KIT expression before entering
mitotic arrest (Morita-Fujimura et al., 2009). Based on these observa-
tions, we suspected that the KIT signaling pathway might be retained
under the high RA condition in the Cyp26b1//Stra8 / male
gonads. This idea was also supported by our data from microarray
and subsequent RT-qPCR analysis (Fig. 4A and B), in which the relative
mRNA level of Kit was signiﬁcantly upregulated in the Cyp26b1 /
/Stra8 / gonads at E14.5. We then examined the proportion
of KIT-positive germ cells in the male gonad from E13.5 to E15.5
(Fig. 4C–G, S7B) by immunohistochemistry (IHC). In the Cyp26b1þ /
/Stra8þ / male gonad, the proportion of KIT-positive cells in TRA98-
positive cells was reduced to 15.1578.08% at E13.5 and most TRA98-
positive cells lost KIT expression after E14.5. On the other hand, in
the Cyp26b1//Stra8þ / and Cyp26b1 //Stra8/ male gonads at
E13.5, 83.6277.13% and 89.61710.38% of TRA98-positive cells
showed KIT expression, respectively, but the expression declined after
E14.5 in the Cyp26b1 //Stra8þ / gonads (Fig. S7B). However, in the
Cyp26b1//Stra8 / germ cells, KIT expressionwas retained in about
50% of TRA98-positive cells after E15.5 (Fig. 4G). These KIT-positive
germ cells in the dKO gonad were also marked by KI67 (Fig. 4F). These
results indicate that the Cyp26b1//Stra8 / germ cells maintained
their mitotic activity because of the sustained KIT activity.
RA is responsible for activating KIT and suppressing male program in
germ cells
Our results indicated that there could be two distinct germ
cell populations in Cyp26b1 //Stra8 / male gonads: NANOS2/
DNMT3L-positive and KIT-positive ones. To conﬁrm this, we
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and Cyp26b1//Stra8/ male gonads at E14.5 analyzed by microarray (A) and RT-qPCR (B), respectively. The data are shown as average relative mRNA levels7SD (n¼3);
nPo0.002 as determined by Student's t-test. (C–F) Immunohistochemical detection for KIT (green) in Cyp26b1þ //Stra8þ / (C), Cyp26b1//Stra8þ / (D) and Cyp26b1 //Stra8/
(E and F) male gonads at E15.5. Magenta signal represents TRA98 (germ cell marker) in C–E and KI67 in F. Blue signal represents Hoechst 33342 (DNA) in C–E and TRA98 in F,
respectively. Scale bar¼50 mm (in C). (G) Graph showing the proportions of KIT-positive germ cells among TRA98-positive cells in the Cyp26b1þ //Stra8þ / , Cyp26b1 //Stra8þ /
and Cyp26b1//Stra8/ male gonads at E15.5. The data are shown as averaged percentages7SDs (n¼3). nnPo0.003 as determined by Student's t-test.
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conducted double immunostaining for NANOS2 and KIT. Although
most germ cells expressed either NANOS2 or KIT (Fig. 5A–C), we
occasionally observed doubly positive cells at E15.5, indicating that
these two factors might compete each other in a given germ cell
and the balance between them determines the germ cell fate. To
address this possibility, we conducted further depletion of Nanos2
from a Cyp26b1/Stra8 dKO background and examined the
expressions of KIT (Fig. 5D–F) and the male marker DNMT3L.
At E16.5, DNMT3L expression was observed in about 50% of
Cyp26b1//Stra8/ male germ cells as reported above. In con-
trast, DNMT3L expression was never observed in Cyp26b1/Stra8/
Nanos2 triple KO male gonads (data not shown). Thus DNMT3L
expression depends on NANOS2 as similar to the case of wild type.
Instead, the proportion of KIT-positive cells increased up to 89.01%
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Fig. 5. NANOS2 represses KIT expression in the Cyp26b1/ male gonad. (A–C) Immunohistochemical detection for NANOS2 (green) and KIT (magenta) in Cyp26b1þ /
/Stra8þ / (A) and Cyp26b1//Stra8 / (B and C) male gonads at E15.5. Blue signal represents Hoechst 33342 (DNA) in A, B and TRA98 in C. (D–F) KIT expression (green) in
Cyp26b1þ //Stra8þ //Nanos2þ /þ (D), Cyp26b1//Stra8//Nanos2þ /þ (E) and Cyp26b1//Stra8//Nanos2 / (F) male gonads at E16.5. TRA98 (germ cell marker) is
stained magenta; Hoechst 33342 (DNA marker) is blue. Scale bar¼50 μm (in A and D). (G–L) Immunohistochemical detection for FLAG (green, in G–I), KI67 (magenta, in G–I)
and KIT (magenta, in J–L) in Cyp26b1þ //Tg CAG-CAT-3Flag-Nanos2 (G and J), Cyp26b1//Tg CAG-CAT-3Flag-Nanos2 (H and K) and Cyp26b1//Tg CAG-CAT-3Flag-Nanos2/Tg
Oct4-Ert2-Cre (I and L) male gonads at E15.5. Tamoxifen was injected into the pregnant females at 9.5 days post-copulation (dpc). High magniﬁcation micrographs of FLAG-
tagged-NANOS2-expressing germ cells are shown in insets. Scale bar¼50 μm (in G).
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among TRA98-positive germ cells (Fig. 5F), suggesting negative
effect of NANOS2 for KIT expression.
To conﬁrm this possibility, we tried forced expression of Flag-
tagged NANOS2 in CYP26B1-null male gonads (Fig. S8). We found
that both KI67 (Fig. 5G–I) and KIT (Fig. 5J–L) signals were
suppressed in FLAG-positive germ cells (12 out of 14 FLAG-
positive cells were KIT negative). By using alternative strategy,
we also found that forced expression of Flag-tagged NANOS2
signiﬁcantly reduced the percentage of KIT-positive germ cells,
which were induced in the E12.5 male gonad by the cultivation
with RA for 2 days (Fig. S9). These results indicate that NANOS2
suppressed KIT expression even in the high RA condition and this
resulted in the suppression of mitosis in the embryonic XY
germ cells.
As shown above, the KIT activation in the Cyp26b1-null gonad
must be due to the elevated RA signaling pathway. To clarify the
positive effect of RA on KIT expression in the absence of CYP26B1,
we used an RAR antagonist (AGN193109) to disrupt RA signaling
completely. We prepared E12.5 male gonads from either
Cyp26b1þ //Stra8þ / or Cyp26b1 //Stra8/ embryos and cul-
tured them with or without AGN193109 for 72 h. The results
clearly showed that AGN193109 reduced the proportion of KIT-
and KI67-positive germ cells, but in turn increased those of
NANOS2-positive and DNMT3L-positive cells in the Cyp26b1 /
/Stra8 / male gonads (Fig. 6A). Thus RA is responsible for both
activation of KIT expression and mitotic activity, and suppression
of NANOS2/DNMT3L in Cyp26b1//Stra8 / germ cells. The
effect of this RAR antagonist was also observed in the Cyp26b1þ /
/Stra8þ / male gonads since proportion of NANOS2 and DNMT3L-
positive germ cells increased (Fig. 6B), suggesting that RA exist
even in the presence of CYP26B1 and antagonizes the male gene
expression program. These results indicate that RA signaling is
responsible for activating KIT signals and repressing male gene
expression in the Cyp26b1//Stra8/ male gonads.
Discussion
We succeeded in rescuing the male program in Cyp26b1 KO
germ cells via suppressing meiosis by the deletion of the Stra8
gene, which otherwise induces premeiotic DNA replication in
germ cells. In wild-type embryos, RA induces meiotic entry via
activating Stra8 in female gonads, whereas the function of RA is
suppressed via CYP26B1 in male gonads where germ cells undergo
mitotic arrest. Although mitotic activation in this mutant mouse
embryo was reported in previous studies (Li et al., 2009;
Trautmann et al., 2008), the effect of RA signaling in mitotic
activation versus meiotic entry was not clear, because mitosis
was always associated with Stra8 upregulation leading to the
commencement of meiosis. We have shown that mitotic activation
is induced in the Cyp26b1-null embryos even in the absence of
Stra8. Therefore, it is clear that RA signaling triggers both a Stra8-
dependent meiotic pathway and a Stra8-independent mitotic
pathway.
Previous studies showed that RA signaling plays an important
role in the cell cycle control of the male germ cells (Spiller and
Koopman, 2011; Trautmann et al., 2008). However, the molecular
mechanism by which RA works is unknown. Here we propose that
Kit is a candidate gene for mitotic activation upon RA signaling
since KIT was induced by the addition of RA in male gonads and
KIT-positive cells in dKO gonads were mitotically active (KI67-
positive). We also found that KIT-positive and NANOS2-positive
cells are mutually exclusive. The important question is how these
two populations are segregated in dKO gonads. In other words,
how these expressions are regulated in a germ cell. Our triple KO
and forced expression of NANOS2 analyses indicate that NANOS2
suppresses KIT expression induced by RA signaling and that the
balance may determine the fate of germ cells in the dKO condition,
because the KIT-positive population increased in the absence of
Nanos2. Therefore, once NANOS2 is expressed, KIT expression is
repressed.
The next question is why only half of germ cells express
NANOS2 in dKO gonads. We speculate that the RA signaling is
competing with factors promoting Nanos2 expression. One of the
strongest candidate is the FGF9 signaling pathway, which is
responsible for promoting male program, because FGF9-null
embryo showed a complete sex reversal from male to female in
both somatic and germ cells (Colvin et al., 2001). FGF9 was also
shown to work directly on germ cells to induce the male program
(Bowles et al., 2010). We previously found that Nodal/activin
signaling worked downstream of the FGF signaling pathway and
promoted NANOS2 expression (Wu et al., 2013). We further
showed that the suppression of Nodal/Activin signaling using
speciﬁc inhibitors induced entry to meiosis and suppression of
male program even in the presence of CYP26B1 (Wu et al., 2013).
Our present data indicates that somatic genes Fgf9 and Sox9 were
normally expressed in the absence of CYP26b1. However, Nodal
expression was signiﬁcantly downregulated in both of the Cyp26b1
KO and Cyp26b1/Stra8 dKO gonads, and that Nanos2 induction in
the dKO gonad was delayed for one day from the wild-type control
(Fig. S2). Therefore, it is possible that RA signaling competes with
the Nodal signaling pathway, resulting in the suppression of
Nanos2 expression.
RA also plays a role as a differentiation cue in spermatogonial
stem cell populations in postnatal testes, to produce actively
proliferating A1 spermatogonia in which KIT is strongly induced
p = 0.001 
p = 0.006 
p = 0.001 
p = 0.005 
Fig. 6. Inhibition of retinoic acid signaling rescues mitotic arrest and male germ
cell differentiation in the Cyp26b1/Stra8 dKO male gonads. E12.5 male gonads were
treated with 5 μM of the RAR antagonist AGN193109 for 72 h under 5% CO2 in air at
37 1C. Cultured gonads were analyzed by immunohistochemistry. (A and B) Graphs
showing the proportion of mitotic markers, KIT-, KI67-positive (A) and male germ
cell markers, NANOS2- and DNMT3L-positive cells (B) among TRA98-positive germ
cells in the cultured Cyp26b1þ //Stra8þ / , Cyp26b1//Stra8þ / and Cyp26b1/
/Stra8/ gonads. The data are shown as averaged percentages7SDs (n¼3).
P values are based on Student's t test.
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(Schrans-Stassen et al., 1999) but NANOS2 is never observed
(Suzuki et al., 2009). In addition to retention of KIT expression,
an abnormal induction of Ngn3 and Plzf in the dKO germ cells
implied that these germ cells may have initiated postnatal male
program prematurely by high RA and acquired the similar prop-
erty to A1 type spermatogonia. Unfortunately, because of the early
postnatal lethality of dKO mice, we could not trace the fate of
these NANOS2-positive and KIT-positive germ cell populations. It
will be essential to determine the mechanisms involved in main-
tenance of the mitotic germ cells and whether these cells have
ability to differentiate to spermatogonia. Conditional dKO or
transplantation experiments will provide further information to
answer the above questions and elucidate the mechanism of the
differentiation from male germ cells to spermatogonia.
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